This work takes aim at presenting a generic real-time simulation framework for marine power plants with weak power grids, containing transient functionalities such as starting and stopping of arbitrary generators, and phase synchronization. The generator models used in the power plant are hybrid causality models, meaning that they have the ability to switch between causality orientations, between voltage and current. These models facilitate real-time simulations as long as they are solved properly, as will be discussed in this article. Much is devoted to numerical stability, model robustness and power plant control, e.g. rms voltage control, engine speed control, active-and reactive power sharing control and phase synchronization control. Some focus is also given to overall power plant control structure. A case study of a marine power plant including two generators and a fluctuating-and noisy power consumption is presented and analysed, and illustrates the advantages of the proposed framework as well as giving a good foundation for future works.
Introduction
To date, diesel electric propulsion is the most preferred solution for propulsion generation for marine vessels with a relatively large change in load conditions on a daily basis [1] . This is mostly due to its flexibility and, in general, low emissions [2] , even though conversion losses may become quite significant. For a marine vessel all systems that produce electrical power constitute the power plant. Different diesel engine and generator configurations, here referred to as gensets, can be used in a marine power plant, depending on the criteria set by the ship-owner and the classification authorities. One such configu- Figure 1 : Marine vessel equipped with two gensets, two azimuths and one tunnel thruster, in addition to auxiliary loads such as hotel loads ration is shown in Figure 1 where two gensets constitute the marine power plant for a vessel equipped with two azimuth thrusters placed at the stern and one tunnel thruster in the bow. For reference, this thruster configuration was studied in [3] with respect to optimal thrust allocation control. Such a marine power plant is often tailored for each marine vessel and a mathematical model of the power plant is a good tool in the design process, enabling simulations of various load conditions, due to different vessel operations. One challenge when it comes to marine power plant modeling is proper control, at least if transient power plant operations are considered, e.g. a constantly changing power demand causing starting and stopping of gensets, and synchronization of gensets when being activated. A marine power plant model that facilitate such studies is the main topic presented in this article.
A diesel-electric marine power plant consists in general of diesel engines and electrical machineries [4] , such as generators and electrical motors, which on a component basis have been studied thoroughly in the literature. In [5, 6] , a two-axis bond graph model representing synchronous electrical machines is presented and studied. This model, given in the (d, q, 0)-reference frame, is also thoroughly analysed in [7] , where equivalent circuit diagrams are also given, along with different model fidelities and model reduction techniques. Such model reductions are also studied in [8, 9] . In [7] , stability and control of such systems are treated as well, and in [10] the sensitivity of eigenvalues is studied and in [11] the Nyquist stability criterion is used to assure stability in DC power systems. When it comes to overall power plant control, functionalities for synchronizing gensets and for load sharing are important. In [12] , active synchronizing control of a microgrid is proposed and studied, while in [13] , load sharing control is developed based on droop control and average power control.
Power grids in marine power plants are often characterized as weak, as opposed to onshore ones, which means that in practice, a large power peak in the power grid may change the rms voltage. This is because capacitive effects in the power grid itself are small and often negligible. However, often when modeling such weak power grids, a small capacitive effect is added in order to set the power grid voltage, mathematically speaking. This means that all power grid consumers and producers can be modeled with electrical current as the model output and the power grid voltage as model input. Nevertheless, such a small capacitive effect would introduce a small time constant which often stiffens the system and increases the time to solve the total system in a simulation, and is hardly wanted when trying to achieve real-time simulations.
By neglecting the capacitive effect in the power grid model itself the small time constant disappears. However, then the power grid voltage must be set by one of the power grid components. Consequently, in a generic marine power plant model where arbitrary power producers can be active, all power producers should have the possibility to set the power grid voltage, though only one at a time, if no loading model in parallel is implemented for providing the voltage. A model that has the ability to change input and output variable(s) online during a simulation is hereafter referred to as a hybrid causality model. Such a model switches between having integral causality and differential causality. The concept of causality is thoroughly elaborated in [14] and will not be given any particular attention here. The reason for using hybrid causality generator models in this context is because we then always have one component in the marine power plant that can provide the voltage, and hence, no small capacitive effect introducing a small time constant is needed. However, other problems are introduced, such as solving the differential causality part of the model in a stable and fast manner without algebraic loops. This will be given more attention in section 2.4.2.
In the literature, hybrid causality models are also referred to as switched models [15] and hybrid models, in general. In [16] , a theory for modeling discontinuities in models is presented, and in general, treats most kinds of hybrid dynamical models, and in [17] it is shown how simulations can be efficiently built from hybrid bond graph models. Generic synchronous generator models, having hybrid causality properties, are presented in [18] but lacks an overall numerical stability discussion, as well as a presentation of a suited power plant control structure and does not have a focus on real-time solvability.
In this work, a hybrid formulation of the wellknown synchronous generator model in the (d, q, 0)-reference frame, as first presented in [18] in bond graphs, is further studied with respect to numerical stability, power management and control. This, in order to establish a generic model framework for simulating marine power plants with weak power grids This is significant because this topic is not overrepresented in the literature and such a generic framework gives great advantages when e.g. studying marine offshore vessels in demanding operations, as in [19] , where interactions between the equipment and the power plant is important. If hardware in the simulation loop are included, such as in [20] , it is also important that the models can be simulated in real-time. The proposed marine power plant framework also provides generic connections in both the (d, q, 0)-and the (a, b, c)-reference frame such that electrical equipment, e.g. azimuth thrusters, can be connected directly. Hence, the proposed power plant framework is a stepping stone for fast solvable total marine vessel simulators, as will be a topic in future works. A marine power plant consisting of two generic three-phased synchronous generator models, stiffly connected through a weak power grid, as shown in Figure 2 , will be used as a case study in this work, and will be modeled using bond graph theory [14] .
Outline
In the next section the hybrid causality generator model is presented in detail and analysed with respect to numerical stability when using the Euler integration method. Also, additional models such as auxiliary diesel engines and circuit breakers are presented. In section 3 simple control systems and strategies needed for running a marine power plant is presented. A case study of a marine power plant including two gensets are studied and simulated in section 4. Lastly, a conclusion is made in section 5.
Hybrid Generator Modeling
The hybrid generator models to be used are given in the (d, q, 0)-reference frame as in [18] . To keep it generic, as well as the ability to display simulation results in the (a, b, c)-reference frame, these models should have the ability to connect to the (a, b, c)-reference frame, which means that a power conservative transformation between the two reference frames is of interest.
Reference Frame Transformation
According to [5, 21] , the (d, q, 0)-reference frame is related to the (a, b, c)-reference frame through the phase angle θ such that
where
and
is a power-conserving transformation matrix. The phase angle θ is defined as
Here, f P G is the power grid frequency. In order for this transformation to be power conservative, it follows directly that A(θ) −1 = A(θ) T [7] . Here, it is assumed that u 0 = 0. In other words, u d , u q and f P G is a representative set of variables for u a , u b and u c .
Generator Model with Current as Output
The dynamics of a generator with current as output can be expressed according to [18] aṡ
where ω m is the engine speed,
T is the magnetic fluxes for d, q, the field and the damping in d and q, respec-
T is the current vector, u f is the field voltage that controls the generator and
Here, R is the internal resistance matrix, L is the inductance matrix and n p is the number of pole pairs in the generator. The electromagnetic torque feedback to the engine is given as
Generator Model with Voltage as Output
The equations in (4) and (5) show that the differential equations are coupled, which means that the entire system of differential equations must be altered in order to obtain voltage as output in the generator model. This means that u d and u q should be calculated from ψ d , ψ q , i f , i D and i Q . Thus, two of the differential equations in (4) are given differential causality, meaning that integration is replaced by differentiation when solving the model. By separating these two equations from the differential equations, they may be written as
T and
It is then possible to rearrange (4b) such that
which means that ψ d,q can be calculated from (9), differentiated and inserted into (7) to find u d,q . The current vector i f,D,Q is found by first obtaininġ ψ f,D,Q from a reduced version of (4), integrating and inserting into (9) . Note that Z is a rearranged version of L, and can be found by solving (4b) with respect to ψ d,q and i f,D,Q . The electromagnetic torque given in feedback to the engine driving the generator is still as given in (6) . Note that these two sets of equations describing the generator dynamics do not include saturation of the magnetic fluxes. This can be added by including a saturation function that saturates the magnetic fluxes after integration.
Hybrid Causality Model
The two different causality representations of the generator model can be put together to form the hybrid causality generator model, as done in [18] . Since causality switching happens in discrete time events, the power during switching should be conserved. For this reason, the input and the output from the old causality configuration must be inherited and used as initial conditions in the new causality configuration.
Discrete Switches
In addition to inheritance of variables, different switches are needed. The model input and output ports must be controlled by switches that routes signals from one model causality to another to make sure that the connectivity specifications in the model environment are not violated. Such switches are also needed to model the circuit breakers that connect the generators to the power grid. In [22] a design for such switches are proposed and derived using bond graph theory.
Here, only one type of switch is needed, namely a flow switch. This switch is often referred to as a switched 0-junction, an 0s-junction. This name comes from its mnemonic symbolic representation in bond graph theory. The switched 0-junction is shown in Figure 3 , both in bond graphs and block diagrams.
The equations in the switched 0-junction are given as
where U = 1, when port 2 is active 0, when port 3 is active (11) and
Numerical Differentiation using Filter
In comparison to the current causality model that has five integral causalities, the voltage causality model has two differential causalities and three integral causalities. It is always preferable to have integral causality due to the use of explicit solvers, and to avoid the direct differentiation of ψ d,q . In [6] , it is proposed to differentiate ψ d,q by using a low-pass filter with derivative effect given as
where the time constant T is chosen small, typically 0.001 s. This transfer function changes the differential causalities to integral causalities when solved in the time plane, which may enable explicit fixed-step solvers such as the Euler integration method, as used here. Note that the poles and the zeros of the dynamical system also set requirements for which solver to use. As it turns out, the transfer function-based differentiation also has a positive effect on solvers due to the low-pass filtering effect, and will filter out high frequent oscillations due to numerical errors, having negligible effects on the simulation results when tuned properly.
Numerical Stability and Solver Time Step
The generator parameters used in this paper are given in Table 5 in the Appendix. By assuming a constant generator speed corresponding to 60 Hz in power grid frequency, corresponding to an engine speed of 720 rpm when having five pole pairs, openloop pole-zero plots can be constructed for the two generator state space models given in sections 2.2 and 2.3. The pole-zero plots for the generator models with voltage output and current output are given in Figures 4 and 5, respectively.
As can be seen in Figure 4 the generator model with voltage outputs has the poles and the zeros inside the stability region for the Euler integration method when i d = i q = 0 and ∆t ≤ 0.002 s, where ∆t is the solver time step. This indicates that the Euler integration method can be used to solve the model as long as the model environment does not introduce poles and zeros that are outside the stability region. The reasons for using the Euler integration method here are that it is fast when a reasonable step size can be used, and since it is a fixed-step solver it is easy to control in hybrid model simulations, where integrator resets and state inheritances are important. Also, when the system is proven stable with the Euler integration method, the results when using Runge-Kutta integration methods are also stable [23] . Note that implicit numerical solvers can be used as well, but is harder to control when it comes to integrator resets and state inheritances, and hence, more implementation work must be expected. The same goes for variable step-sizes where zero-crossing detection must be implemented in order to properly handle discrete events. Figure 5 shows that by using the same time step, ∆t = 0.002 s, the Euler integration method will fail to converge to any solution due to the poles and zeros outside the stability region. As a matter of fact, the time step must be reduced by a factor of approximately 10 in order to stabilize the zero input case, and to approximately ∆t = 5 · 10 −12 s if an open circuit load of R = 10 8 is to be considered. This is without taking the model environment into consideration. If even possible, such a low time step would result in a long simulation time when solving the system, which is not desired, especially when it comes to achieving real-time simulations. Nonetheless, this problem may be solved by choosing the simulation setup or through proper pole-zero cancelling control designs, with the first mentioned treated in this paper.
By recognizing that the complex conjugated poles and zeros are dependent on the unaffected by large open-circuit resistances, the voltage output causality model can be used to stabilize the model with current output causality. In other words, the generator model with current as output should only be used in parallel with a generator model that has voltage output causality, because if the generator with voltage outputs is stable, the voltage inputs u d and u q to the generator model with current output causality will also be stable, and thus, stabilize the entire generator model. This can also be shown in Figure 6 .
It can be seen in Figure 6 (a) that when the time step is reduced to ∆t = 0.00099 s, the two causality models connected together are stable using the Euler integration method and the parameters given in Table 5 in the Appendix. The two complex conjugated poles and zeros in the figure are dependent on the time constant chosen in the transfer function given in (13) . This means that when the time step is chosen, such that ∆t < T and the controllers and model environment are stable, the whole power plant model would be stable for all reasonable power plant It is also important that the solver time step size is chosen such that it is possible to capture the true dynamic characteristics of both the generator models and the power grid load. According to [24] the proper time-step duration must be determined to accurately represent the system frequency response up to the fastest transient of interest. For example, if the power grid load is modeled in the (a, b, c)-reference frame, having a frequency of 60 Hz, the time step size must be set such that ∆t ≤ 1 120 s in order to catch the main characteristics of the alternating currents and voltages according to the Nyquist sampling criterion [25] . In addition, the solver time step size must also be set low enough to replicate the loading characteristics themselves. However, it is believed that these characteristics will have a lower frequency than the power grid frequency, such as the meeting frequency between the wave loads and the vessel when considering a vessel in transit. Also, when studying higher order harmonic distortions in the power grid, the solver time step size must be adjusted correspondingly.
Implementation and Phase Angle
The resulting hybrid generator model is shown in a bond graph implementation in Figure 7 . Note thatθ given in the figure is not necessary equal to θ. Since the (d, q, 0)-reference frame is more or less a DC representation of the actual AC system, the phase angle between the generators must be included before connecting the generators to a common power grid in order to enable phase synchronization and power sharing, which will be elaborated later on.
In general, the phase transformation is given as
for a generator with voltage outputs, the lead generator, where u P G is the d and q power grid voltages, u G is the d and q generator voltages and where φ is the phase difference between the leading generator and the present generator,
Here, ∆ω m = ω m,l − ω m is the difference in motor velocity between the two engine speeds driving the generators and ω m,l andθ l is the speed and phase angle of the leading generator, respectively. This difference in phase angles is usually only calculated when generators are active, meaning that they are either preparing for synchronization or already connected to the power grid, which also means that an integrator reset algorithm should be implemented. The phase angle used in the transformation between the (a, b, c)-and (d, q, 0) reference frame, given in (2), must then account for φ. Hence, the phase angle for a leading generator when only two generators are active is then given as
where f Gl is the lead generator frequency. The phase angle can be found similarly for the other generator,
where φ is defined as in (16). Voltage Output Current Output
The different transformations between the power grid and the two causality models are shown in Table  1 .
Additional Models needed for Simulation
To be able to set up a simulation testing for the generators, additional models must be included, e.g. circuit breakers, power grids and engine models, in addition to controllers and a power management system.
Circuit Breakers and Power Grid Model
Multiple switched 0-junctions are used to model the circuit breakers and the power grid. In the circuit breaker, model port 1 of the switched 0-junction is connected to the generator model output, port 2 is connected to an open circuit load and port 3 is connected to the power grid. Note that several switched 0-junctions are needed in one circuit breaker model since the generator model has a total of four inputs and outputs, due to the two causality configurations connected to the grid. These circuit breakers are connected to each other and to the consumer models in the power grid through another set of switched 0-junctions, due to the causality switching in the generator models. The total model of a circuit breaker is shown in Figure 8 in bond graphs. Note that each switched 0-junction is also given a control signal, U , as in (10) , and that additional switched 0-junctions are needed to connect several gensets to a common power grid.
Simplified Engine Model
The auxiliary engine models used to drive the generator models are based on simple equations given in [26] . The effective engine power is given as whereṁ f is the fuel flow rate, h n is the lower heating value of the fuel, η is the effective thermal efficiency, T m is the torque and ω m is the engine speed. By rearranging the equation, the mean torque generated by the combustion process can be expressed as
The fuel flow rate may be expressed aṡ
where m inj is the amount of fuel injected per cycle and k is a parameter distinguishing two-stroke engines from four-stroke engines, k = 1 for two-stroke and k = 2 for four-stroke. The efficiency can be expressed as
where b e (P e ) is the specific fuel consumption as a function of effective engine power, and can be measured for a specific engine given the engine speed. By assuming a four-stroke engine, the torque can then be expressed as
The set of differential equations representing the auxiliary engine model is then to be given aṡ
where θ m is the engine angle, J m is the inertia of the engine, J G is the inertia of the generator, T e is the electromagnetic torque as given in (6), b f is a friction parameter, b b is the braking effect when the engine is choked, which happens when no fuel is injected into the engine due to the pumping work and n is a small number, typically ∼ 0.1. Note that b b := 0 when m inj = 0. To make the transition smooth, the value of b b is low-pass filtered, having a small time constant before being used in (24).
Power Grid Consumer
The power grid consumer has the role of loading the power grid. This can be a set of thrusters, as well as the auxiliary systems needed to power the ship. Here, it is assumed that the active-and reactive power consumption can be set and based on the power grid voltage, as current can be given in feedback. The active power and reactive power in the (d, q, 0)-reference frame are given as
respectively. Note that reactive power is related to impedance in the (a, b, c)-reference frame. By solving (25a) and (25b) with respect to i d,q the current given in feedback is given as
is the square of the L 2 -norm. To avoid dividing by zero at the start of the simulation, a small number is added to the denominator. Also, two low-pass filters are used to filter the input voltages in order to avoid algebraic loops.
Power Management System, PMS
Power management systems are in reality quite complex [27] . In this paper, the PMS is treated as a collection of controllers with some automated decision-making functionalities. This will be highlighted in section 3.3.
Power Plant Control
In general, systems that produce electric power require proper control dependent on the operation in order to run satisfactory [28] . For generators, proper control of the generator phase synchronization, voltage control and load sharing, or power sharing, are crucial for running the power plant within its limits.
In general, a genset only has two controllable variables, namely the engine speed and the field voltage, which means that more than one objective must be controlled through each controllable variable. In single model systems this is not preferred since it often sacrifices stability or degradation of the control strategies. However, in power plants, a single genset connected to a power grid only has to control the frequency and rms voltage, which can be separately done through the two controllable variables. It is only when two or more gensets are connected that multiple control strategies must be merged into the two control variables. This can be done in a stable manner in such systems due to the stiff coupling between gensets, since the difference in frequency, rms voltage and phase can be indirectly controlled.
In this section, different controllers needed to run the model shown in Figure 2 are presented.
Automatic Voltage Regulator (AVR) and Reactive Power Sharing
Both the rms voltage and reactive power sharing are controlled through the field voltage, but the reactive power sharing control is only activated when two or more generators are synchronized and connected together.
AVR
The voltage magnitude, or the rms voltage, is regulated in each generator by an automatic voltage regulator (AVR). The AVR regulates the voltage magnitude through the generator field voltage, which sets the magnetic field in the stator. The rms voltage in the (d, q, 0)-reference frame for a generator i is given as
Note that u dq,i is the voltage vector for the active causality model of the generator. There exists many different control laws for AVRs, such as the one presented in [29] with pole assignment self-tuning regulator. Nevertheless, here the rms voltage is controlled by a simple PI-controller, and the controller error for generator i is defined as
where V ref is the reference rms voltage. Hence, the corresponding controller output u V i can be expressed as
where K
AV R p
and T
AV R i
are the proportional gain and the integral time constant, respectively. In order to avoid commanding an unrealistic field voltage the controller output is saturated before being sent to the generator model. Hence, an integration anti-windup algorithm [30] is implemented in the controller as well.
Reactive Power Sharing
Control of the reactive power is found in the PMS since reactive power sharing control needs measurements from all active generators, which is why it cannot be implemented as local controllers inside each generator. Another reason is that it is only active when two or more generators are active. This means that global power plant surveillance is needed, which is a PMS functionality. Power sharing in general is thoroughly discussed in [31] , and only a simple method for controlling the reactive power sharing is presented here.
By assuming that N number of generators are connected to the power grid, the reactive power sharing can be controlled by means of PI-controllers where the error for generator i is defined as
and where S Qi ∈ [0, 1] is the sharing factor, Q Gi is the reactive power for generator i and is the total reactive power in the power grid, or the reactive power for the power grid load. Hence, the corresponding controller output u Qi can be expressed as
where K Q p and T
Q i
are the proportional gain and the integral time constant, respectively. Note that if equal reactive power sharing is considered, then S Qi = 1 N . Thus, the total field voltage that is fed to generator i is then given as
Here, only two generators are considered in the power plant, and the controller errors for the reactive power sharing control for the two generators are defined as
respectively, where S Q ∈ [0, 1] is the sharing factor. Since the reactive power sharing controllers are only activated when two or more generators are synchronized and connected to the power grid, integrator reset algorithms must also be implemented in the reactive load sharing controllers. The structure of the total rms voltage control system and the reactive power sharing control system is shown in Figure 9 for two active genesets.
Engine Control, Active Power Sharing and Generator Synchronization
The last control variable is the engine speed driving the generator. In general, the auxiliary engine is to maintain a constant speed that corresponds to the wanted power grid frequency, but also generator synchronization and active power sharing can be done through the engine speed, the last one by means of droop-control [13] .
Engine Control
The engine speed controller, commonly known as the engine governor , is in general complex [32] , but is assumed here to be a simple PI-controller that controls the engine speed, such that the power grid frequency is kept more or less constant. The reference engine speed is given as
In comparison to the field voltage control and the reactive power control, active power sharing control and phase synchronization control are applied to the reference signal before being fed into the PIcontroller. The reference fed to the controller is denoted ω ref,ni for generator i, as will be defined in section 3.2.3, and the controller error can be expressed as
where ω mi is the measured engine speed for genset i. Hence the corresponding control output m inj,i can be expressed as
where K ω p and K ω i are the proportional gain and the integral gain, respectively. Also this control output is saturated in order to give realistic fuel injections to the engine. Hence, an integrator anti-windup algorithm is implemented in the controller as well.
Synchronization Control
In the (a, b, c)-reference frame, the phase synchronization controller makes the phase angles converge through controlling the engine speed of the generator that is to be synchronized. However, in the (d, q, 0)-reference frame, it is enough to make the d voltages converge, since the q voltages will then converge due to the AVR, in order to make the phases converge. This can be shown by setting the criterion
where u al and u ai are the a voltages in the (a, b, c)-reference frame for the lead generator and the generator i, which is to be synchronized, respectively. This gives the criterion in the (d, q, 0)-reference frame
when the d voltages converge. The only solution of (40) for all values of u d and u q is θ l = θ i , which means that by making the d voltages converge a solution for θ l = θ i exists under the restriction given in (40). By also requiring that u bl = u bi and u cl = u ci the only solution left is θ l = θ i if all the criteria are to be held. This means that by making the difference in the dvoltages converge, the difference in the phase angles will also converge.
The main reason for comparing the voltages instead of the phase angles is because the causality switching requires equal voltages and currents right before and after switching, and due to the risk of numerical deviations when simulating, it is better to compare the voltages directly in the phase synchronization controller. When the phase synchronization controller is active, the control errors for phase synchronization between the lead generator l and generator i can then be given as
for the generator i that is to be connected to the grid. Note that the lead generator is defined as one generator that is already connected to the grid. Hence the corresponding control output u P Si can be expressed as and T
P S d
are the proportional gain, the derivative gain limitation and the derivative time constant, respectively. Note that u d and u dP Si are initially set to zero and that the control equations given in (42) should be calculated in the given order. Also in this controller the output is saturated in order not to give too large of deviations in the engine speeds. Hence, an integrator anti-windup algorithm is implemented as well.
Active Power Sharing through Droop Control
Droop control is not a controller in common sense, but more like an algorithm, due to its multiple outputs. The intention with the droop controller is to give the reference signal a small continuous peak, and when gensets get peaks with opposite signs the power sharing is controlled. A negative peak gives a genset more active power, and a positive peak reduces the active power. This means that the amount of power a given generator produces can be adjusted by subtracting a reference power measure from the engine reference speed and adding an actual power measure to the engine reference speed, such that the new engine reference speed for engine i becomes
where ω ref is the commanded engine reference speed, K aps is a proportional gain, P mi is the measured power and P ref,i is the reference power. Then, if the power is too low, the engine speed will drop so that more load is added to the respective generator. If the power is too high, the opposite occurs. When using droop control for active power sharing, one can choose to share the load using the load magnitude, or using the loading percentage for each genset. Here, the loading percentage is used. Note that equal power sharing in this context means that each genset has the same loading percentage, though not necessarily an equal load. In order for this to be true, all gensets must be equal.
The engine power fraction used in droop control is defined for engine i as
where T mi is the engine torque as defined in (23), ω mi is the engine angular rate and P ei,max is the lowest maximally rated effective power for the engine and the generator. For a power plant with an N number of gensets, the total load fraction is the defined as
When the droop control is active, the reference power fraction is subtracted from the reference speed and is for generator i given as
where K D is the droop gain and S P i ∈ [0, 1] is the active power-sharing constant. Note that (46) is run through a low-pass filter with filter time constant T LP in order to smooth the signal before being subtracted from
when the droop control is active, and is given as
where L mi is the local power fraction defined in (44). ω drp2 (i) is also low-pass filtered in order to smooth the signal. When comparing the expressions for ω drp1 and ω drp2 to (43), it can be seen that
By including the phase synchronization control the PI-controller error for the engine driving generator i is then rewritten as
where u P Si is as defined in section 3.2.2. The PI control law is as given in (38). Figure 10 shows a graphical representation of the engine speed control, droop control and phase synchronization for genset 1 and genset 2. More advanced load sharing control strategies than the one presented here can also be applied, e.g. as the one presented in [13] where droop control and average power control are combined. 
Causality-and Simulation Control
When using hybrid models, it is important to have a simulation controller. In general, a simulation controller is not a controller using common sense, but rather a set of logic functions that controls the switching of the hybrid models. In this study, such a simulation controller would typically open and close circuit breakers, switch causality in the hybrid generator models and the resulting causality in the power grid. Functionality that restricts the input signals is also a common practice to implement, such as the generator setting the power grid voltage, which cannot be disconnected before model switching is performed.
The logic functions in the simulation controller are closely coupled to global controllers such as the phase synchronization controller and power sharing controller. The logics activate and deactivate these controllers, thereby ensuring that the integrators are reset in addition to evaluating the controller performances, e.g. evaluating when the phase difference between the generators is small enough to close the circuit breaker. These functions are related to the functionalities found in real power management systems and in general it is up to the modeller or the PMS vendor to decide which functionality to implement, and is usually kept secret. In this paper, the PMS includes the functionalities needed to control the hybrid generator models, the circuit breakers and the power grid causality, and is functionally related to the phase synchronization control and power sharing control.
In particular, the PMS decides when to close the circuit when two generators are being synchronized. Here, a set of rules for closing the circuit when two generators are being synchronized, mainly based on minimizing numerical distortions when closing the circuit breakers, are implemented and given as
where φ max is the maximal allowed phase difference, φ max is the maximal allowed derivative of the phase difference, dV rms,max is the maximal allowed difference in rms voltage between the two generators and df G,max is the maximal allowed difference in frequency between the two generators.
Overview of Control Structure
The control systems presented in this section are independent of the causality orientation of the generator model. This is shown in Figure 11 which shows a more coarser presentation of the control system structure and the connections between the PMS and the genset. The figure also shows that only the AVR and the engine speed controller, the governor, are always active, when neglecting the causality controller, while synchronization, active-and reactive load sharing are activated by the PMS when more than one generator is considered. Also note that the synchronization controller and the active load sharing adds to the 
Simulation
To test the hybrid generator model and the corresponding control systems, a simulation of the power plant given in Figure 2 is to be performed. Before presenting the simulation scenario and the corresponding simulation results, the parameters to be used in the simulation are presented.
Hybrid Genset Models and Power Grid Load
The generators are modeled as specified in section 2 and are assumed to be of equal size in this case study, having a rated power output of 2438 kW with V rms = 690 V and I rms = 2010 A. The specific generator parameters are given in Table 5 in the Appendix and the time constant in the transfer function given in (13) is set to 0.001 s.
The specific fuel consumption for the auxiliary engines b e (P e ) is given as a polynomial, b e (P e ) = p 0 P e P e,max 2 + p 1 P e P e,max + p 2 (50) Table 2 list the parameters for the auxiliary engines used in the simulation. The main parameters for the power grid load and the circuit breakers used in the simulation are given in Table 3 . In addition to the constant active-and reactive power loads, biases and noise are added in order to make the simulation more realistic and to test the robustness of the total control system.
Control Systems
The control systems are implemented as specified in section 3 and the parameters are given in Table 4 . Note that the control structure and the connections between the PMS and the gensets are as illustrated in Figure 11 .
Simulation Scenarios
The simulation to be performed is designed to test the different control systems outlined in section 3 as well as the hybrid generator model and its real-time characteristics. In the simulation the two auxiliary engines driving the generators are started in the beginning of the simulation and given the idle speed reference. At t = 20 s, genset 1 is initiated, the engine gets the nominal speed reference and the AVR is fed the rms voltage reference. The circuit breaker that connects genset 1 to the power grid is closed at t = 80 s. Genset 2 is initiated at t = 200 s, in the same manner as genset 1, and the phase synchronization is activated. When the phase difference between the gensets is within the tolerance, the circuit breaker that connects genset 2 to the power grid is closed, and the model causality is changed from voltage to current. At t = 350 s, both gensets change causality; while genset 2 sets the power grid voltage. The active-and reactive power sharing are then changed at t = 400 s and t = 500 s, respectively. In the end, genset 1 is stopped at t = 700 s and started again at t = 900 s, and the activeand reactive load sharing are initiated with the last known sharing parameters, S P and S Q . A summary of all the simulation events is shown in Figure 12 .
The Euler integration method is chosen as the solver with a solver time step ∆t = 0.0001 s. The time step is chosen smaller than what was stated earlier; this due to an increase in the quality of the alternating voltages and currents results.
Simulation Results
The rms voltages calculated from (28) for the two generators are shown in Figure 13 . The first plot shows the two generator rms voltages compared to each other. As can be seen in the plot, the voltages both converge to 690 V , when the gensets are active. As illustrated in Figure 12 , genset 1 is first started and connected to the power grid load before genset 2 is started and synchronized to the power grid at t = 200 s. At t = 500 s, the causality of the two gensets is altered before genset 1 is disconnected from the power grid. In the end, genset 1 is reconnected to the power grid at t = 900 s. As can be seen, the rms voltages for the two generators overlap, although some noise is present. This noise is due to the noise added in the power grid load in order to test the robustness of the power plant. The noise magnitude is quite low, at the most approximately 0.1304 % of the rms voltage reference, but large enough to indicate stability and robustness in the total power plant model. When the second genset is started, the frequency of generator 2 overshoots the first generator frequency, due to phase synchronization, with a magnitude of approximately 0.08 Hz before converging to the desired frequency. When the two generators are connected the active power sharing characteristics can be seen at approximately t = 272 s. Genset 1 increases its frequency, whereas genset 2 slows down due to the droop control. Nonetheless, these frequency peaks are quite small, approximately 0.02 Hz. The last plot, given in the lower right-hand corner of the figure, shows the frequency fluctuations due to the noise. Note that the two generator frequencies do not overlap as the rms voltages do in Figure 13 , which is expected due to the noise and the active power sharing control.
The active power production and consumption are shown in Figure 15 , in addition to the genset output causalities. The first plot in the figure shows the active power grid load, which oscillates at around 1 MW with a relatively high frequent noise, having a maximal amplitude of 150 kW and a maximal frequency of 0.5 Hz, in addition to a slowly varying oscillating bias, modeled as being integral to white noise. The plot also shows that the load is increased relatively quickly; when connected, it takes approximately 5 s from when the load is connected until it reaches its full potential of power consumption. The second and third plot show the active power generated by genset 1 and 2, respectively. From the two plots, it can be seen that the noise experienced by the gensets decreases when both gensets are active due to active load sharing. One can also see that the sum of generated active power equals the active power consumed by the power grid load. The last plot shows the output causality of the two gensets. Note that before genset 1 is stopped all the active power production is transferred to genset 2. This is one of the many functionalities implemented in the PMS. Figure 16 shows the reactive power for the two gensets and the power grid load, as well as the genset output causalities. As can be seen in the figure, the results are similar to the ones presented in Figure  15 , the sum of the reactive power for the two gensets equals the reactive power in the power grid load, and that all the reactive power is transferred to genset 2 before genset 1 is stopped. Figure 17 shows the alternating voltages u a and currents i a for the two generators in the chosen time ranges. The plot in the upper left-hand corner shows the u a for the two generators when genset 2 is started, while the upper plot to the right shows the two voltages in a time range when both circuit breakers are closed. When both generators are connected to the grid, the alternating voltages should overlap, which the upper right-hand plot proves. The plot in the lower left-hand corner shows the currents i a right after genset 2 is connected, and the reactive load sharing controller has just been activated. This can be seen in the end of the plot, in which the current form genset 2 is starting to increase. The lower plot in the middle shows the two currents in an equal reactive power sharing settings, and the last plot shows a time range when the reactive power sharing is asymmetric.
System Evaluation
The simulation results show that the hybrid generator models seem to be stable, which is not that surprising according to the chosen solver time step. Also, the results show that switching between causalities do not affect the simulation results. This means that the integrator reset algorithm and the inheritance of initial conditions are done correctly in the model.
The control systems also seem to work properly, being able to both control the power grid frequency, the power grid rms voltage, phase synchronization and load sharing in a fast and stable manner despite being simple PID-based control laws. Such control laws are also used widely in the industry because they are simple to implement, simple to tune and quite robust as long as the controlled systems have strong linear characteristics in the controlled region or certain passivity properties.
The total simulation of 1200 s was solved in approximately 100 s, giving a solving speed of approximately 12 times real-time. This indicates that the computational efficiency is being maintained for real-time application purposes without affecting the quality of the simulation results.
Conclusion
This paper set out to present a generic framework for modeling and simulating marine power plants with weak power grids in transient operations. The generator model presented in this work is a hybrid model that has the ability to switch between outputs and inputs, which makes it suited for transient power plant operations such as genset start-up and shutdown, as well as phase synchronization control. This also enables the ability to test failure modes such as genset trippings due to the overload or overstepping of power grid frequency tolerances, but which has not been discussed in any detail in this paper.
Two hybrid causality generator models were implemented in a small marine power plant as a case study. The differential causality in the voltage output generator model was solved by differentiation using a transfer function, and a generator parameter analysis was conducted based on the system eigenvalues. The current output model seemed to be difficult to solve using simple integration methods such as the Euler method, but a simulation setup that enabled the use of the Euler method in a larger scale simulation, such as the one performed, was proposed and tested through simulations.
An overall power plant control was proposed through the control of the field voltages and the engine speeds by using simple but effective controllers for rms voltage, engine speed, phase synchronization and active-and reactive power sharing. The simulation results demonstrated that the total power plant model was stable, even though noise was added, and all transient effects of interest could be reflected through the simulation results. The results also demonstrated the equivalence between the (d, q, 0)-reference frame and the (a, b, c)-reference through comparison with well-known alternating generator characteristics. The simulation results are also comparable to the results obtained in [18] , in which the simulation results were verified with experimental data. Also, the power plant itself showed good realtime conditions, being solved about 12 times faster than real-time.
In further work, the proposed power plant framework should be validated against experimental results. However, since the genset models are based on well-known equations, it is believed that the simulation results should converge to experimental results, as long as enough information about the control laws and the power management system is given. Also, a sophisticated outer control law for planning the total power plant operation, e.g. deciding when to start and stop a genset from power plant measurements, should be considered. This is out of scope here but it is believed that the power plant model presented in this case study gives a good foundations for such studies.
Appendix
The generator used in this paper has a rated power output of 2438 kW with V rms = 690 V and I rms = 2010 A. The specific parameters used are given in Table 5 . 
